Introduction
Carbon nanotubes (CNT), which have high mechanical strength, small radius of curvature, high aspect ratio and excellent conductivity, are candidates for use in electron emitters for field emission displays (FED), 1, 2) cathode ray tubes 3) and other electronic devices. 4) The excellent field emission properties of CNTs have attracted many researchers, and efforts to investigate why are underway emissions occur and how to utilize them for the actual applications, especially for FED. Several methods have been used to fabricate FED emitters, for example, screen-printing, 5) direct growth on substrates by chemical vapor deposition (CVD), and others. Generally, the electrons are emitted from the tips of CNTs when they align vertically on a substrate. However, CNTs do not always stand up on the substrate. In some cases, especially in the arrays prepared by printing, many CNTs are bent or lie down on the substrate. Generally, the side wall of a CNT does not have five-membered rings, which exist at the closed tip of the CNT and are identified as the main sites emission.
3) It is important to clarify if field emission can occur from the side wall of the CNTs and what are the main sources of the emission is if upright and bent or lying-down CNTs co-exist in the same array.
In this study, we have investigated the field emission properties of the tip and the side wall of a multi-walled carbon nanotube (MWNT) using field emission microscopy (FEM) and compared the results with calculations using a finite element method. The field emission indeed occurs from the side wall even if it happens at a higher voltage than that from the tip of the CNT. Figure 1 shows an experimental setup for detecting the field emission currents and observing the FEM images of multi-walled carbon nanotubes. A tungsten pin fixing a MWNT is set on a ceramic shuttle as the cathode and a phosphor-coated ITO substrate as the anode. We made two types of emitters shown by the scanning electron microscopy (SEM) images in Fig. 2 : one was fixed with the tip of the MWNT facing the anode plate, and the other was fixed with a loop-shaped MWNT having its side wall facing the anode plate. The distance between the anode plate and the tungsten tip was 20 mm. The chamber was evacuated to a UHV grade of 3 Â 10 À7 Pa by an ion pump before measuring the emission currents. The emission current was measured using an electro-multimeter (Keithley 6517A) by applying a positive voltage to the anode at room temperature.
Experiment
The MWNTs used were prepared by arc discharge with a water cooled coil and are about 10 nm in diameter and 2-5 mm in long. 6) We attached a MWNT onto a tungsten tip using the Nanofactory, which is a SEM manipulator like ones used for preparing nanotube probes and nanotube tweezers. 7, 8) The tungsten tip was fabricated by electrochemically sharpening one end of a wire 0.1 mm in diameter and 4 mm long. The other end was spot-welded to the middle of a staple-shape tungsten wire 0.2 mm in diameter. Figure 3 shows SEM images of an individual MWNT, both ends of which are attached to a tungsten tip and the side wall of which faces the anode. We have reported elsewhere about SEM images of the other type of emitter, which is attached by a straight MWNT.
6) The protruding height of the loop of the MWNT is about 1 mm. In order to make the attachment strong, amorphous carbon was deposited at the overlapped portion of the MWNT and tungsten tip by electron induced deposition. The MWNT on the tungsten pin was covered with a thin amorphous carbon layer during this deposition process as well as during the manipulation of the MWNT to attach it onto the tungsten tip.
9) The tungsten tip was heated electrically up to approximately 700 K by switching to the heating circuit, though which the current flow was 1.5 A, while 930 V was applied between the anode plate and the MWNT to produce field emission. We call this ''heat treatment''. In this process, however, we could not measure the emission current, because at the time of this heat treatment the terminals connected to the tungsten wire were switched from the current measurement circuit to the heating circuit as shown in Fig. 1 . This heat treatment is quite effective for removing the amorphous carbon layer from the surface of a MWNT. 10) We confirmed using SEM that the MWNT loop remained on the tungsten tip after the heat treatment. Figure 3(a) is the image of the MWNT loop before heat treatment, and Fig. 3(b) is the image after heat treatment. The diameter around the upper part of the loop after the heat treatment became smaller than it was before the heat treatment. This suggests that the amorphous carbon layers on the side wall of the MWNT were removed by the heat treatment. We have also measured the field emission properties of the tip and the loop of MWNT at the same distance between the anode plate and the tungsten tip. Figure 4 shows the I-V characteristics with emission current on the logarithmic scale and voltage on the linear scale for the side wall and the tip of the MWNT after heat treatment. Graph (a) is the curve for the side wall of the MWNT, and (b) is the curve for the tip of the MWNT. The turn-on voltage for the side wall is larger than that of the tip: 570 V and 150 V, respectively. The voltage ratio is about 3.8. We define the turn-on voltage as the voltage where the emission current in logarithmic scale in the I-V curve begins rising from the bias line. Figure 5 shows a series of FEM images of the upper side wall of the MWNT loop during and after the first I-V measurement. We observe a change in the upper side wall before and after the heat treatment mentioned above. Photographs 1 and 2 are FEM images before the heat treatment. The FEM images appear as small dim spots. After these images were taken, we applied the heat treatment. The FEM images suddenly changed. Photographs 3 through 9 show the emission patterns during the heat treatment with an applied voltage of 930 V. The small dim spot changed to a brighter one shortly after the heat treatment began and a circle appeared around the central spot at the same time. The circle changed to several spots gradually during the heat treatment. Photographs 10 through 12 correspond to a constant voltage of 900 V in the experiments after the heat treatment. Almost no changes occur; but the brightness of the emission patterns decreases after the heat treatment. According to the overall results including our previous report, 10) Fig. 5 may be revealing show the process of elimination of the amorphous carbon layers covering on the upper side wall of MWNT loop by the heat treatment.
Results
We have observed the structure of the MWNT loop using transmission electron microscopy (TEM), but could not observe the layers of the MWNT clearly because of thermal vibrations. However, the upper side wall seems undeformed, and the amorphous carbon layer has not been observed on the upper part but instead at the side of the loop. This observation is consistent with the SEM image shown in Fig. 3 .
Discussion
The turn-on voltage for the side wall of the MWNT is about 3.8 times higher than that for the tip of the MWNT. Two reasons may be considered for this. One is the electric field intensity concentrated on the surfaces of the MWNT, which is largely affected by the shape and location of the emission object. The other is the electron density of states (DOS) for the emission sites, a pentagon would have a higher DOS than the surrounded hexagon, from which the electrons would predominately be emitted. In order to investigate the differences in the electric field intensity between the tip and the side wall of MWNT, we have calculated the electric field distribution using a finite element method. Figure 6 shows the electric field distribution of (a) the tip and (b) the side wall of MWNT using color gradation. Model (a) is a CNT with a protruding height of 1 mm and a diameter of 10 nm. Model (b) is a CNT loop with a body diameter of 10 nm and a radius curvature of 400 nm. It is confirmed from Fig. 6 that the strongest electric field intensity of the tip is about 2.8 times larger than that at the side wall. We consider that the differences in electric field intensity are a main reason for the different turn-on voltages between the two kinds of emission, because the turn-on voltage of the side wall of MWNT is 3.8 times larger than that of the tip.
In order to compare the I-V characteristics under the same electric field intensity, the voltage values of the side wall of the MWNT are divided by 2.8, obtained from the overall calculation. Figure 7 shows the modified I-V characteristics of the side wall and the tip of MWNT under the same electric field intensity. The turn-on voltage for the side wall of the MWNT is about 50 V higher than that for the tip of the MWNT, suggesting that the field emission readily occurs from the tip of CNT. However, the emission current attainable from the side wall of the MWNT is several mA, which is several times higher than that of the tip. Figure 7 shows that the slopes of the turn-on parts in the plots of I-V characteristics of the tip and the side wall of MWNT are different under the same electric field intensity. Therefore the field emission is not only affected by the shape factor but also by the DOS of the emission site and the deformation of the CNT when it is bent. 
Conclusions
The field emission characteristics of the side of a MWNT loop have been measured and compared with those of the tip of a MWNT under the same experimental conditions. The turn-on voltages of the side wall and the tip are about 570 V and 150 V, respectively. The voltage ratio is about 3.8. The electric field intensity calculation using a finite element method confirmed that the strongest electric field intensity of the tip is about 2.8 times stronger than that of the side wall. Therefore, the most effective factor in changing of the turnon voltage must be the electric field intensity based on the geometric shape. The slopes of I-V characteristics of the tip and the side wall of MWNT are different under the same electric field intensity. Therefore, DOS and deformation may also affect the I-V characteristics.
Although the side walls of the MWNT have weaker electric field concentrations on their surface, which results in a higher turn-on voltage than that of the tip of MWNT, the side walls can attain a higher emission current than the tip. Consequently, the side wall of the MWNT might be a possible emitter in situations where higher emission current and high brightness are required.
